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Abstract TiO2 films were produced on ITO using a
two-step method: (i) potentiostatic electrosynthesis of an
amorphous titanium oxyhydroxide gel and (ii) sub-
sequent crystallization by a thermal treatment (TT). The
influence of applied potential on the morphology and on
the crystalline structure of the resulting films was studied
for three different TT temperatures, using SEM, XRD,
and Raman spectroscopy. The films were porous and
their morphology was more affected by the potential
than by the temperature. The obtained TiO2 presented a
high degree of crystallinity. The brookite–anatase coex-
istence was observed for all synthesis conditions. Nev-
ertheless, the brookite content decreased for samples
synthesized at more negative potentials, irrespective of
the TT temperature. A relative estimate of brookite
content variation among the prepared samples was
obtained from an analysis of Raman spectra, and it was
shown to be related with the pH variation during elec-
trosynthesis. This correlation is in accordance with
reported dependence of brookite-anatase ratio in sol-gel
synthesis, which decreases with an increase in pH.
Introduction
Since the discovery of TiO2 photoactivity [3], this inert
and non-toxic oxide has been used as nanoparticles,
films, or membranes for applications on photovoltaic
and photocatalytic devices [7, 8, 16, 18, 21, 22]. There
is a strong dependence of the efficiency of these devi-
ces on TiO2 physical and chemical properties, such as
crystalline structure, surface area, porosity, and thermal
stability. Moreover, the morphology of films and
membranes plays a significant role as the interface
between TiO2 and other elements of the device. In this
way, an effort is being made to find optimized char-
acteristics for TiO2 for each application. One approach
is to determine if the coexistence of crystalline poly-
morphs (anatase, rutile, and brookite) improves the
efficiency of the devices. There is experimental evi-
dence that brookite–anatase [7, 8] and rutile–anatase
[18] coexistence leads to higher photocatalytic activities
than a pure polymorphic TiO2.
Concerning the preparation method, the electrosynthesis
(ES) of TiO2 is an interesting alternative to traditional sol–
gel techniques. Both are wet chemical routes for TiO2
synthesis, thus favoring the formation of metastable poly-
morphs (i.e., anatase, brookite), in proportions that are
strongly dependent on the synthesis variables [4]. How-
ever, ES allows fine-tuning of processing variables such as
current and applied potential. Furthermore, once the elec-
trosynthesized material grows from the substrate, TiO2 can
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be molded, resulting in films [2, 9, 12] and nanowires [11],
for example. To obtain crystalline TiO2, two steps are
required: (i) electrosynthesis, which provides an amor-
phous gel, and (ii) thermal treatment (TT), which crystal-
lizes the amorphous gel [9, 23]. In a previous work, we
have studied the influence of the TT temperature on the
crystallization process (step ii), in electrosynthesized TiO2
films. For temperatures up to 800 C and fixed electro-
synthesis conditions, the obtained material revealed a high
degree of crystallinity and crystallites of about 50 nm. We
have observed the coexistence of brookite and anatase
polymorphs [1]. Nevertheless, the influence of current and/
or applied potential on the crystalline structure of electro-
synthesized TiO2 was not yet investigated, to our
knowledge.
In this work, the influence of the applied potential on
morphological and structural characteristics of TiO2 films,
electrosynthesized on ITO, is studied, for three different
TT temperatures. SEM images revealed that the film
morphology is modified by both electrosynthesis potential
and TT temperature. The crystalline structure was carefully
evaluated using X-ray diffraction (XRD) and Raman
spectroscopy. It will be shown that although the TT is the
essential step to crystallization, the crystalline structure is
also determined by the applied potential. A possible
explanation is suggested, based on the resemblance
between the ES and sol–gel mechanisms and on the
potential-dependent pH condition along the substrate/
electrolyte interface during electrosynthesis.
Materials and methods
All reagents were of analytical grade. An aqueous solution
containing TiOSO4 (titanium oxysulfate, 0.1 mol l
-1),
H2O2 (hydrogen peroxide, 0.1 mol l
-1), and KNO3
(potassium nitrate, 0.3 mol l-1), with natural pH of 2.3,
was used as electrolyte. Optically transparent ITO-coated
glass (indium-tin oxide, Kintec Company, with sheet
resistance of 10 ohm square-1) were used as substrates.
Electrosynthesis was performed at room temperature
(*22 C) using a conventional three-electrode configura-
tion, controlled by an AUTOLAB PGSTAT302N Poten-
tiostat. The counter and reference electrodes were a Pt-foil
and saturated calomel electrode (SCE), respectively. The
working electrodes were ITO substrates with an electro-
active area of 0.5 cm2. Cyclic voltammetry studies were
performed between -1.25 and 0.00 VSCE, beginning at
0.00 VSCE, with a scan rate of 20 mV s
-1.
All films were deposited using potentiostatic regime,
in the potential range between -0.95 and -1.10 VSCE.
The total deposited charge was kept constant and equal
to 1.0 C. The samples underwent a TT in air that
consisted of heating the sample at 20 C min-1 until a
maximum temperature of 400, 600, or 700 C, for 2 h,
before slow cooling in furnace. The thickness of the
resulting films was obtained by DekTak 150 profilome-
try, and ranged between 0.8 and 1.0 lm, thus allowing a
good signal-to-noise ratio in the Raman and X-ray
characterization.
Surface morphology and microstructure of the samples
were investigated with a Philips-XL30 scanning electron
microscope (SEM) and the images were obtained at
acquisition mode of secondary electrons (SE). The crys-
tallization behavior of the TiO2 films was evaluated using
XRD and Raman spectroscopy. XRD patterns were
obtained at room temperature by a Panalytical X’Pert Pro
MPD model equipped with a combination of an X-ray
mirror and a two-crystal Ge(220) two-bounce monochro-
mator, which provides Cu Ka radiation (k = 1.540562 A˚).
Measurements were taken in a h–2h configuration, from
20 to 80, with a step size of 0.08 and from 20 to 40,
with a step size of 0.008. The signal-to-noise ratio was
increased by the accumulation of 10 scans for each mea-
surement. Raman spectra were obtained at room tempera-
ture with Renishaw 2000 micro-Raman spectrometer, using
an excitation wavelength of k = 514.5 nm, and spectral
resolution of 0.33 cm-1. The power was set to 20 mW. In
order to increase the signal-to-noise ratio, five spectra were
obtained for each sample (with acquisition time of 10 s)
and an average was calculated. The XRD patterns and the
Raman spectra were fitted using a commercial software and
the results were considered satisfactory only for squared
correlations of R2 greater than 0.995. Lorentzian curves
were used as peak functions for XRD patterns, and as peak
and background functions for Raman spectra.
Results
Electrosynthesis
The typical cyclic voltammogram for the electrolyte used
in this work, in the potential region between -1.25 and
-0.28 VSCE, is presented in Fig. 1a. The observed pro-
cesses between -0.28 and -0.90 VSCE are related to the
concomitant reduction of oxygen [13] and H2O2 [17]. The
well-defined peak observed between -0.90 and
-1.20 VSCE is characteristic of NO3
- reduction [9, 12]. The
steps involved in TiO2 electrosynthesis could be described
as follows: TiOSO4 is solubilized as the titanium peroxo-
complex Ti(O2)SO4, because of the presence of H2O2. For
the hydrolysis of the precursor Ti(O2)SO4,OH
- ions are
consumed, those ions being electrochemically generated at
the substrate/electrolyte interface by the NO3
- reduction for
applied potentials more negative than -0.90 VSCE [9, 12]:
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NO3 þ H2Oþ 2e ! NO2 þ 2OH:
The following applied potential values were chosen for
electrosynthesis: -0.95, - 0.97, - 0.99, - 1.01, - 1.03,
- 1.05, - 1.07, and -1.10 VSCE, which are indicated with
circles in Fig. 1a. Cathodic current transients were obtained
for each value of electrosynthesis potential. Figure 1b shows
these transients at the initial moments of the process (up to
20 s). All curves present a current maximum, whose inten-
sity decreases for less negative potentials. As the current
maximum shifts to longer times, a minimum appears. The
relative shape of these transients can be described as a sum of
reduction (faradaic) and non-faradaic processes. The non-
faradaic processes that could be responsible for the decaying
current in the beginning of each transient are double-layer
charging and possibly adsorption–desorption processes [5].
These processes are clearly present for -0.95 VSCE and its
contribution is not observed as the potential becomes more
negative, because the reduction processes occur at a higher
rate. In this way, the current transient for -1.10 VSCE indi-
cates the presence of a higher concentration of OH- ions
at the substrate/electrolyte interface, because it shows a
higher current intensity. After the first 15 s, all transients
reach a diffusion-limited current value, varying between
2.45 mA cm-2 (at the least negative applied potential) and
2.95 mA cm-2 (at the most negative applied potential), as
can be seen in the inset of Fig. 1b. Therefore, the number of
OH- ions generated at each electrosynthesis potential in a
given time interval is different, specially at the initial
moments.
Morphology
The electrosynthesized titanium oxyhydroxide gel was
thermally treated at 400, 600, or 700 C, resulting in
crystalline TiO2 films. Figure 2 shows SEM images of the
films produced at electrosynthesis potentials of -0.95,
-1.01, and -1.10 VSCE, and thermally treated at 400, 600,
and 700 C. For all TT temperatures, the influence of the
electrosynthesis potential is evident: the films become
porous and homogeneous for more negative potentials. The
TT temperature does not present similarly strong influence.
Crystalline structure
The crystalline structure of the produced films was inves-
tigated by XRD and Raman spectroscopy. Figure 3a shows
a XRD pattern of a film produced at -1.10 VSCE and
thermally treated at 600 C, and is typical for all samples.
The peak positions of anatase (A) and brookite (B) poly-
morphs, obtained from ICDD 00-021-1272 and ICDD
00-029-1360, respectively, as well as those associated with
the substrate (ITO), are indicated. All the identified peaks
corroborate those observed in our previous work [1],
including the one located at 2h = 25.2, which is associ-
ated to A and B polymorphs and not to ITO. Figure 3b
shows two ITO peaks of XRD patterns of films produced at
three different potentials and thermally treated at 400, 600,
and 700 C. One observes that both peaks are shifted in the
same way when the 400 and 600 C patterns are compared,
regardless of synthesis potential. However, the XRD peaks
of samples thermally treated at 700 C were significantly
shifted, probably due to sample distortion caused by the
substrate (glass) melting. As a result, the following analysis
of the peak located at 2h = 25.2 (A, B) was performed
only for samples thermally treated at 400 and 600 C.
As XRD measurements were obtained using Ka radia-
tion, it is possible to distinguish the contributions to this
peak of the (120) diffraction line of B, located at
2h = 25.34, and the (101) diffraction line of A, located at
2h = 25.28. Figure 4a–c shows the peak for samples
electrosynthesized at -0.95, -1.01, and -1.10 VSCE and
thermally treated at 400 C. The fitting analysis allowed to
identify the peaks of A and B polymorphs. There were no
relevant changes on the A and B peaks with the electro-
synthesis potential, except for the sample produced at
-1.10 VSCE, in which the A-peak became a little more
evident. XRD patterns obtained for samples produced at
the same electrosynthesis potentials and thermally treated
at 600 C were fitted using the same procedure. The fitting
results are shown in Fig. 4d–f. One observes that the
A-peak increases at the more negative electrosynthesis
potential whereas the B-peak decreases, indicating that this
is the most favorable synthesis condition for the formation
of the anatase polymorph. Using the A-peak calculated by
the fitting procedure, Scherrer formula was applied to
estimate the minimum crystallite size, of about 50 nm (the
instrumental line width was not considered).
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Fig. 1 a Cyclic voltammogram of the electrolyte (line) and chosen
potential values (circles) used for preparation of the films. The dashed
line indicates the reduction peak maximum, at -1.01 VSCE. b Current
transients obtained during the electrosynthesis (the applied potential
values are indicated, in VSCE)
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Raman spectroscopy has proved to be a more sensible
technique than XRD concerning the identification of pure
brookite [14], as well as for the recognition of changes in
the brookite–anatase coexistence in TiO2 [1]. Figure 5
presents two Raman spectra obtained for samples prepared
at opposite conditions of electrosynthesis potential and TT
temperature, i.e., -0.95 VSCE/400 C, and -1.10 VSCE/
700 C. Rotation of the samples about the incident laser
beam axis did not alter the observed spectra, indicating the
films are isotropically crystalline. Figure 5 presents all the
identified Raman modes of the samples: the Eg modes at
144, 197, and 639 cm-1, the unresolved A1g/B1g doublet at
513/519 cm-1, and the B1g mode at 399 cm
-1 are associ-
ated with anatase; the A1g mode at 155 cm
-1 is associated
with brookite. There could be also the brookite B2g and A1g
modes convoluted with anatase modes at 395 and
636 cm-1, respectively [1], and the brookite B3g and B1g
modes at 294 and 323 cm-1 hidden in the background [20].
The presence of the A1g mode at 155 cm
-1 reveals that the
samples must have some brookite content, regardless of the
synthesis variables. The main observed variations between
the Raman spectra of samples prepared using different
synthesis variables are condensed in Fig. 5. Firstly, the
relative intensity of the peaks and of the background: for
more negative electrosynthesis potentials and higher TT
Fig. 2 SEM images of TiO2 films prepared under different electrosynthesis potentials (see figure) and thermally treated at 400 C (left column),
600 C (middle column), and 700 C (right column)
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Fig. 3 a Identified peaks on a XRD pattern for TiO2 film (-1.10 VSCE,
600 C). b ITO peaks located around 21.3 and 30.2 for samples
prepared at -0.95 (solid line), -1.01 (gray line), and -1.10 VSCE
(dashed line)
J Mater Sci (2014) 49:2952–2959 2955
123
temperatures, the background intensity becomes less
important compared to the intensity of the peaks. The
better definition of the modes, relative to the background,
should be associated to a higher amount of crystalline
material. The second variation is the evident splitting of the
peak located around 150 cm-1, because of the definition of
anatase Eg mode at 144 cm
-1 and the concomitant
decreasing intensity of brookite A1g mode. This variation
evidences that there is a relevant dependence of the crys-
talline structure on the synthesis variables.
The fitting analysis provided a better understanding
about this dependence (Fig. 5). One observes that in the
spectral region between 130 and 200 cm-1 the back-
ground curves do not influence the total fitting, even if
the background is more important (Fig. 5a). As this
region contains the peak located around 150 cm-1, the
subsequent fitting procedure was performed just for the
initial portion of the spectra. Figure 6a–c presents the
fitted Raman data for samples electrosynthesized at
-0.95 and -1.10 VSCE, and thermally treated at 400,
600, and 700 C, respectively. The variation of anatase
(A) and brookite (B) modes with the synthesis potential
is the same for all TT temperatures: as the potential is
more negative, the A mode becomes more definite and
intense, while the B mode looses intensity. This variation
indicates that the least negative synthesis potential is the
most favorable condition for brookite polymorph, in
accordance with XRD analysis. Figure 6d shows the
positions of anatase and brookite fitted modes for all TT
temperatures as function of the electrosynthesis potential,
as well as the calculated position of these modes (dashed
lines) [6, 14, 15]. There is no significant shift of the
position of B mode for 400 and 600 C. However, for
700 C, it presents a much lower wavenumber than those
associated with the other TT temperatures. This is a
result already observed for -1.10 VSCE [1]. Further-
more, the position of B mode, for 700 C, migrates to
higher wavenumbers and approaches its calculated value
as the synthesis potential is less negative, just like the
position of the A mode for 600 and 700 C.
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Fig. 4 The XRD peak around
25.2 (symbol) was fitted (solid
line) using Lorentzian curves
for anatase (A) and brookite
(B) (dashed lines) for samples
prepared using a -0.95,
b -1.01, and c -1.10 VSCE and
heated at 400 C; and using
d -0.95, e -1.01, and
f -1.10 VSCE and
heated at 600 C
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In order to evaluate how the brookite-anatase ratio is
affected by the synthesis variables, Fig. 7 shows the per-
centual values of brookite and anatase polymorphs
(Fig. 7a, b, respectively), from the Raman spectra obtained
in this work. These values were calculated considering the
fitted areas of the vibrational modes shown in Fig. 6, and
correspond to the ratio between these areas and those
obtained for samples in which each polymorph presence is
maximum, i.e., -0.95 VSCE for brookite and -1.10 VSCE
for anatase. From Fig. 7a, one observes that the percentual
values (symbols) related to brookite decrease for more
negative electrosynthesis potentials, for all TT tempera-
tures. However, the decreasing tendencies of these values
(dashed lines) are not the same for different TT tempera-
tures. For 400 C, the relative brookite content among the
samples varies with electrosynthesis potential on a
smoother way when compared to the tendency for 600 and
700 C, indicating that brookite is favored for the TT
temperature of 400 C. On the other hand, from the same
analysis, anatase should present an opposite behavior. The
percentual values (symbols) related to anatase are shown
on Fig. 7b and, as expected, increases as the electrosyn-
thesis potential is more negative, for all TT temperatures.
The increasing tendency of these values (dashed lines) are
slightly different for 600 and 700 C, once again in
accordance with the previous analysis, i.e., that anatase is
favored for the TT temperature of 700 C. In this way, it is
plausible to assert that the brookite-to-anatase proportion in
the samples decreases as the synthesis potential is more
negative.
Discussion
The variations observed on the XRD and Raman spec-
troscopy data (Figs. 3 and 6, respectively) indicated that
the least negative synthesis potential is the most favorable
condition for brookite polymorph. However, only Raman
spectra evidences this feature for all TT temperatures.
Another noticeable aspect of Fig. 6 is that the anatase
mode becomes more important as the TT temperature is
higher, i.e., brookite is favored at lower TT temperatures,
in accordance with the analysis of Fig. 7. This trend was
already observed in our previous work [1]. Now we show
that the electrosynthesis potential also plays a role in
determining the fraction of brookite in the mixture,
although the electrosynthesized material is amorphous.
Not only the coexistence of brookite and anatase in the
samples is affected by the synthesis potential, but also the
crystalline structure of each polymorph. As showed in
Fig. 6d, anatase and brookite Raman modes migrates
toward their calculated positions as the potential is less
negative. This behavior can be associated with the poten-
tial-dependent pH condition during the film formation,
which affects the rates of hydrolysis and condensation of
the gel. As the number of electrogenerated OH- ions is
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Fig. 5 Raman spectra (symbol) of TiO2 films prepared using
synthesis potential and TT temperature of: a -0.95 VSCE and
400 C, b -1.01 VSCE and 600 C, and c -1.10 VSCE and 700 C.
The gray line is the total fitting. The Lorentz curves to fitting peaks
(dot lines) and background (filled curves) are also shown
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lower for less negative potentials (Fig. 1), the gel probably
condense at a slower kinetic regime, when compared to
more negative potentials. Therefore, the resulting
crystalline structure has the positions of Raman modes
closer to the calculated positions.
In this way, for each TT temperature, the structural
changes observed by Raman spectroscopy (Fig. 6) can be
directly related to changes in synthesis conditions associ-
ated with the applied potential. From Fig. 1b, it is possible
to observe that the area below each current transient, taking
into account just the initial moments of the process,
depends on the applied potential value. Fig. 7 shows this
dependence (solid line), i.e., the reduced charge (related to
OH- production) in the first 20 s as a function of the dif-
ferent electrosynthesis potentials used in this work. The
concentration of OH- ions (local pH) at the substrate/
electrolyte interface grows monotonically for more nega-
tive potentials. Furthermore, as the concentration of OH-
ions grows, the fraction of brookite in the sample decrea-
ses, indicating its dependence on the local pH at the sub-
strate/electrolyte interface during electrosynthesis. The
correlation between pH and crystalline structure suggested
here is in accordance with previous works reporting TiO2
synthesis by sol–gel method that indicate that anatase is
favored in detriment of brookite and rutile for higher pH
synthesis conditions [4]. This result would be derived from
the similar mechanisms of both methods concerning the
formation of the material. Interestingly, anatase favoring
with higher pH is also reported for other wet chemical
routes for TiO2 synthesis [10, 19].
Conclusions
In this work, titanium oxyhydroxide gel was electrosyn-
thesized on ITO using eight applied potential values and,
after TT at 400, 600, and 700 C, TiO2 films were
obtained. SEM images revealed that, for more negative
electrosynthesis potentials, the films became more homo-
geneous and porous, and that TT temperature has slight
influence on the morphology. XRD and Raman spectros-
copy showed that the samples were crystalline and pre-
sented brookite–anatase coexistence, and that anatase was
the dominant polymorph regardless of the synthesis vari-
ables. For all TT temperatures, the brookite polymorph was
favored for less negative electrosynthesis potentials, and
this result was more evidently observed using Raman
spectroscopy, technique which provides structural charac-
terization with a lateral resolution of a few micrometers.
Based on the resemblance between electrosynthesis and
sol–gel mechanisms, and on the fact that the pH condition
during film formation is influenced by the applied potential,
it is suggested that the observed changes in the brookite-to-
anatase proportion with synthesis potential is a result of
electrochemically induced pH variations. The behavior of
the variation of the pH condition and of the relative
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presence of brookite and anatase polymorphs among the
samples as function of the synthesis potential is presented,
and shows that anatase is favored for more negative applied
potentials, whereas brookite is favored in the opposite way.
This correlation is in accordance with other works that
describe wet chemical routes for TiO2 synthesis at several
pH values.
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